The leuB gene of Leptospira interrogans serovar pomona strain kenniwicki has been cloned on a 9.5 kb plasmid, pWVL1, by complementation of Escherichia coli leuB mutants. Subcloning and Tn5 mutagenesis showed that the region required for complementation was approximately 1.2 kb in length. Enzyme assays showed that the product of the cloned gene was a /?-isopropyhnalate dehydrogenase. Defects in the leuA, leuC and leuD genes of E. coli were not complemented by pWVL1. The nucleotide sequence of the ZeuB-complementing region and surrounding DNA has been determined. Three open reading frames were found which encode proteins of 40-9,38.8 and 15 kDa. Analysis of subclones containing nucleotide deletions of varying sizes showed that only the 38.8 kDa protein was necessary to obtain complementation of E. coli leuB mutations. The PIR data base was searched and the enzyme 3-isopropyhnalate dehydrogenase from six different micro-organisms was found to share significant amino acid sequence similarity (43-57 %) with the 38-8 kDa L. interrogans leuB gene product. The organization of the leucine biosynthetic genes in L. interrogans differs from that found in E. coli, Salmonella typhimurium and Bacillus subtilis.
Introduction
Leptospira is a genus composed of long, slender, helical, motile bacteria (Faine & Stallman, 1982; Holt, 1978; Johnson, 1977, 198 1) . Phylogenetic analysis based on oligonucleotide cataloguing of bacterial 16s rRNAs suggests that the spirochaetes, including Leptospira, represent an early evolutionary divergence within the eubacteria (Fox et al., 1980; Paster et al., 1984) . A distinguishing feature of leptospires is the use of longchain fatty acids or alcohols as their chief carbon and energy source (Holt, 1978 ; Johnson, 1977) . Leptospires synthesize all of their amino acids except isoleucine by well-established biosynthetic pathways (Charon et al., 1974; Westfall et al., 1983) .
Since Leptospira is a member of a group of bacteria which show an early evolutionary divergence from other eubacteria, the organization and control of genetic information in these bacteria may well differ from that in the better-studied eubacteria. Previous investigations have demonstrated that, at least in some instances, the genetic organization seen in Leptospira does differ from that in other well-studied bacteria (Fukanaga & Mifuchi, 1989; Richaud et al., 1990; Yelton & Peng, 1989; Zuerner & Charon, 1988) . The goal of this study was to expand our understanding of leptospiral gene structure and organization.
Leucine biosynthetic genes were chosen as our investigative model because the leucine operon has been well studied in Escherichia coli, Salmonella typhimurium and Bacillus subtilis. The major biosynthetic pathway leading to leucine is the isopropylmalate pathway. In E. coli, S . typhimuriurn and B. subtilis there are three enzymes unique to leucine biosynthesis : 2-isopropylmalate synthase, the product of the leuA gene ; isopropylmalate dehydratase, which consists of two subunits encoded by the leuC and leuD genes; and the NAD-dependent /Iisopropylmalate dehydrogenase, the leuB gene product (Bartholomew & Calvo, 1971 ; Parsons & Burns, 1969; Umbarger, 1978; Ward & Zahler, 1973) . The four contiguous structural genes are transcribed as a unit and thus comprise an operon (Burns et al., 1966) . Attenuation of transcription is the major, and probably only, control mechanism by which leucine regulates expression of the leucine operon (Gemmill et al., 1979 (Gemmill et al., , 1983 Searles et al., 1983; Ward & Zahler, 1973) .
Little is known about the organization and control of the leucine biosynthetic genes in Leptospira (Richaud et d, 1990; Zuerner, 1986) . The leuB genes have been cloned from L. interrogans serovar icterohaemorrhagiae (Richard et al., 1990) and L. bzjlexa serovar patoc (Zuerner, 1986) , but these cloned genes have not been characterized or sequenced. The leuB gene cloned from L . interrogans serovar icterohaemorrhagiae was present on a 17.7 kb plasmid; subcloning localized the region necessary for leuB complementation to a 3.2 kb Hind111 fragment obtained from the centre of the original plasmid (Richaud et al., 1990) . Despite its size, the original plasmid was not able to complement mutations in other genes required for leucine biosynthesis (Richaud et al., l990) , suggesting that the genes necessary for such complementation were not located adjacent to the leuB gene. The leuB gene cloned from L. bzJEexa was localized to a 1.6 kb fragment of DNA by subcloning and transposon mutagenesis (Zuerner, 1986) . This fragment of DNA was shown to encode a 43 kDa protein by maxicell analysis (Zuerner, 1986) . In this paper we report the cloning, characterization and nucleotide sequence of il gene from L. interrogans serovar pomona which complements a leuB defect in E. coli.
]Methods
Materials. Restriction endonucleases and a nick-translation reagent Itit were purchased from Bethesda Research Laboratories. T, DNA ligase was purchased from New England Biolabs. Calf alkaline phosphatase was purchased from Boehringer-Mannheim. 35S-dATP (> 1000 Ci mmol-l, 10 mCi ml-') and ~-[~'S]methionine (> 37 TBq inmol-' > 1000 Ci mmol-', 10 mCi ml-') were purchased from Amersham. A T7Sequencing kit was obtained from Pharmacia. En3Hance was obtained from DuPont. All enzymes were used as recommended by the manufacturer. (r-m+) ] was used as a recipient for the initial cloning experiments (Chinault & Carbon, 1979 ; Yelton & Charon, 1984) and was obtained from Dr John Carbon (University of California at Santa Barbara). Other E. coli strains used in this study were CV512 (ZeuA371); (recA); and TBl IhsdR, proA) . The leucine auxotrophs were obtained from Dr Barbara Bachmann at the E. coli Genetic Stock Center; SE5000 was obtained from Dr Lola Stamm (University of North Carolina), and TB 1 from Dr 'Thomas Baldwin (Texas A & M University). Strains of L. interrogans serovar pomona type kennewicki and 'L. bij7exa serovar patoc were used iis sources of DNA and were obtained from Dr Richard Zuerner (National Animal Disease Center, Ames, Iowa) and Dr Nyles Charon (West Virginia University), respectively. The 1 : : Tn5 hybrid, 1467 (b221 rex: : Tn5, ~1857, Oam29, Pam80), was utilized for transposon mutagenesis studies and was obtained from Dr Nancy Kleckner ( Harvard University).
Bacterial strains andphage. E. coli strain JA221 [AtrpES leuB6 hsdR
Media. E. coli strains were routinely propagated in LB broth at 37 "C, except when acting as hosts for screening the leuB gene, or for 'rn5 mutagenesis studies, in which case they were incubated at 30 "C. M9 medium was prepared according to Maniatis et al. (1982) and used to characterize transformants. YM broth was used to grow E. coli recipients for 1467 infections (de Bruijn & Lupski, 1984) . Leptospira strains were propagated on the modified Tween430 albumin salt medium (EMJH) of Johnson (Johnson & Harris, 1967) .
DNA extraction and cloning. Leptospira DNA was extracted and purified as previously described (Yelton & Charon, 1984) . Plasmid DNA was purified from E. coli cells grown overnight in 250 ml cultures (Davis et al., 1980) . DNA from L. interrogans serovar pomona was partially digested with EcoRI and ligated to EcoRI-digested, calfalkaline-phosphatase-treated pUCl3 (Vieira & Messing, 1982) . Ligated DNA was used to transform E. coli JA221 using the procedure of Kushner (1978) . Ampicillin-resistant (Amp') transformants were selected at 30 "C.
Gel electrophoresis and DNA-DNA hybridization. Electrophoresis was performed as described by Maniatis et al. (1982) . Specific DNA fragments were purified by electroelution from agarose followed by passage through Elutip-d columns (Schleicher and Schuell). Purified DNA fragments were radiolabelled by nick-translation using 35S-dATP. DNA-DNA hybridizations were done as described by Maniatis et al. (1982) . The conditions used for DNA-DNA hybridization allowed approximately 6 % (high stringency) or 40 % (low stringency) base mismatch.
Transposon mutagenesis. Mutagenesis was performed with Tn5 contained in 1467 using the procedure described by de Bruijn & Lupski (1984) . E. coli HBlOl harbouring pWVL5 was transduced to kanamycin resistance (Kan') with 1467. The plasmid DNA was extracted from Kan' transformants and then transformed into E. coli JA221. The phenotypes of the Tn5-modified plasmids in E. coli JA221 were determined by replica plating to selective media. The Tn5 insertion sites were located by restriction enzyme mapping of the mutated plasmid DNAs (de Bruijn & Lupski, 1984; Lawn et aZ., 1978) .
Maxicell analysis. E. coZi SE5000 containing various plasmids was used for maxicell analysis as described by Sancar et al. (1979) . Cells were labelled with [35S]methionine for 1 h at 30 "C, then harvested and lysed by boiling in electrophoresis sample buffer. For analysis, equal amounts of the resulting lysates were electrophoresed at 150 V. After electrophoresis, the gels were analysed by fluorography using En3Hance.
Measurement of enzyme activity. 2-Hydroxy-4-methyl-3-carboxyvalerate : NAD' oxidoreductase (EC 1 . 1 , 1 .85 ; /?-isopropylmalate dehydrogenase) activity was measured at 37 "C in crude extracts by the procedure of Parsons & Burns (1969) . Protein determinations were performed using a kit from BioRad employing the Bradford assay (Bradford, 1976) . The substrate, /?-isopropylmalate, was obtained from Dr John Schloss (E. I. Dupont Co., Wilmington, DE).
DNA sequencing and analysis. DNA sequencing was performed by the dideoxy chain-termination method of Sanger et al. (1977) . Sequential, overlapping deletions of the cloned DNA molecule were constructed by exonuclease I11 and S1 nuclease treatment (Erase-a-base kit; Promega) as described by Henikoff (1984) . Double-stranded DNA templates were prepared by the alkaline lysis procedure of IshHorowicz & Burke (1981) . 35S-dATP and T7 DNA polymerase (Pharmacia) were used for the sequencing reactions. Analysis of the sequence data was done using the DNASTAR program.
Results

Cloning the leuB gene of L. interrogans
A genomic library containing approximately 4000 Amp' transformants on LB agar plates was constructed for L. interrogans in E. coli JA221 (leuB6) using pUC13 as the vector. Analysis of p-galactosidase activity indicated that approximately 96% (481 of 500) of the Amp' transformants contained insertions into the EcoRI site of pUCl3. Colonies representing the entire library were mixed together, grown in LB broth for 2 h at 37 "C, pelleted by centrifugation, washed twice with M9 medium and plated onto M9 salts agar containing tryptophan and ampicillin. These plates were incubated at 30 "C for 6 d. Approximately 300 leucine-independent (Leu+) colonies were obtained. Plasmid DNA was isolated from three of these colonies. Each of the three colonies contained a 9.5 kb plasmid; these plasmids were shown to be identical by digestion with EcoRI. One of these plasmids was designated pWVL1 and used for further analysis. A restriction map of pWVLl ( Fig. la) was generated as described (de Bruijn & Lupski, 1984; Lawn et al., 1978) . To ensure that the Leu+ transformants were not revertants, pWVL1 was used to retransform E. coli strain JA221 to Amp'. These colonies were then screened for leucine independence. As a control, strain JA22 1 transformed with pUC 13 was used. All of the cells transformed with pWVLl DNA simultaneously became Amp' and Leu+. None of the cells transformed to Amp' with pUC13 became Leu+.
Allele-specijic complementation test
Hottinger et al. (1987) reported that a cloned serine tRNA gene from Lactobacillus bulgaricus was able to specifically complement the E. coli leuB6 mutation, but was not able to complement the E. coli leuB401 and leuB61 mutations. They suggested that this allele-specific complementation of E. coli leuB6 occurs by missense suppression. pWVLl was introduced into different strains of E. coli [JA221 (leuB6), CV514 (leuB401) and CV5 16 (leuB61)l which carried independent mutations in their leuB genes. The leptospiral gene present on pWVL1 was able to complement all three leuB mutations, suggesting that we had cloned the leuB gene and not the gene for some suppressor tRNA molecule.
Screening for complementation of leucine auxotrophs by p WVLl
The genes for the leucine biosynthetic enzymes are organized in operons in E. coli, S. t y p h i~u r i u~ and B. subtilis (Somers et al., 1973; Ward & Zahler, 1973) . Assuming that the corresponding genes are organized analogously in L . interrogans, the size of the cloned DNA fragment in pWVLl suggested the possibility that other leucine biosynthetic genes might be found on the fragment. To test this, E. coli strains CV512 (leuA), CV422 (leuC) and CV526 (leuD) were transformed with pWVLl . The Amp' colonies obtained following transformation were replica plated onto minimal medium which lacked leucine. No complementation of the leuA, leuC or leuD mutations was obtained with pWVL1.
Localization of the leuB gene
In E. coli the leuB gene occupies approximately 1 kb of DNA (Friedberg et al., 1985) . Because of the large size of pWVL1, subcloning onto smaller fragments was used to help localize the L. interrogans leuB gene. pWVL1 was digested to completion with SalI, BglII, XbaI or PstI. Those DNA fragments which still contained pUCl3 vector were self-ligated to create subclones pWVL2, pWVL3, pWVL4 and pWVL5 ( 
*The specific activity of the enzyme was determined from the linear portion of the reaction curve and is expressed as pmol a-ketoisocaproic acid produced min-' (pg protein)-'. The data represent the means* the standard deviations of the means obtained from a minimum of three experiments performed in duplicate.
and tested for their abilities to complement the leuB6 defect in E. coli JA221. Cells containing any one of the four plasmids obtained by subcloning were Leu+. Thls result indicated that the led?-complementing activity was located within the 3-5 kb leptospiral DNA fragment found in pWVL5.
As the fragment of L. interrogans serovar pomona DNA contained in pWVL5 was still considerably larger than the corresponding coding region for ZeuB in E. coli (Friedberg et al., 1985) , transposon mutagenesis with Tn5 was performed on pWVL5 to further localize the functional region of the leuB gene. A total of 48 independent Kan' and Amp' colonies were examined for their leucine phenotypes; 38 of the colonies were Leu+ and 10 were Leu-. The locations of the Tn5 insertions were determined by digestion with restriction enzymes and subsequent sizing of the fragments (de Bruijn & Lupski, 1984) . The results are shown in Fig. l(b) . The region of the leptospiral DNA required for leuB function was approximately 1.2 kb in length.
Southern blot analysis
To ensure that the DNA which had been cloned originated from L. interrogans serovar pomona, Southern blot analysis was performed. pWVLl DNA was purified by two successive bandings in CsCl/ethidium bromide gradients and was then digested with PstI and EcoRI. The resulting 2 kb fragment which contained the leuB complementing activity was isolated and labelled with 35S-dATP by nick-translation. The labelled DNA was used to probe Southern blots which contained EcoRIdigested pUC13 DNA and EcoRI-digested DNA isolated from E. coli, L. biJ-lexa serovar patoc and L. interrogans serovar pomona. Under conditions of high stringency, a single hybridizing band of 3.1 kb was detected using the probe and serovar pomona DNA; no hybridization with pUC13, E. coli, or L. bzjlexa DNAs was detected (data not shown). . *. . ** .* ** * * ** ** Fig. 4 . Alignment of the amino acid sequences of various P-isopropylmalate dehydrogenases. The sequences have been aligned using the MACAW program (Schuler et al., 1991) . Where necessary, to enhance the alignments, gaps have been introduced and are indicated by dashes. An amino acid residue appearing in at least six of the seven sequences is indicated by an asterisk; a residue appearing in at least five of the seven sequences or a residue where a related amino acid has been substituted is indicated by a dot. Abbreviations: L . int., Leptospira interrogans; C . rnal., Candida maltosa; S. cer., Saccharomyces cerevisiae, B. coa., Bacillus coagulans; T. aqu., Thermus aquaticus; B. sub., Bacillus subtilis; B. cal., Bacillus caldotenax.
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Maxicell analysis
The protein product of cloned EeuB gene was identified by using maxicells (Sancar et al., 1979) . For these studies, plasmid pWVL6 was produced by subcloning the internal 3-1 kb EcoRI fragment of pWVL1 (Fig. 1 a) into pGEM-4 (Promega). Subclones of pWVL6, containing nucleotide deletions of varying sizes, were constructed and tested for their leuB-complementing activity. E. coli SE5000 was transformed with various plasmid subclones (Fig. 2 a) and the resulting transformants were analysed to determine the number and the sizes of the proteins necessary for leuB function (Fig. 2b) 
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LHIGLELKVPS--RPIA-EACLSQGS * .. . * ** Fig. 5 . Alignment of the amino acid sequences of the ORFl protein and two ornithine aminotransferases. The sequences have been aligned using the MACAW program (Schuler et al., 1991) . Where necessary, to enhance the alignments, gaps have been introduced and are indicated by dashes. An amino acid residue appearing in all of the sequences is indicated by an asterisk; when a residue appears in two of the three sequences and a related amino acid has been substituted in the third sequence, a dot is used. Abbreviations: H . sap., Homo sapiens; S. cer., Saccharornyces cerevisiae; L. int., Leptospira interrogans.
cloned DNA through nucleotide sequencing (see below). The 42 kDa protein was found in the Leu+ strains and was missing from the Leu-strains. Deletions within the putative leuB ORF inactivated the complementing activity, thus confirming that this ORF was necessary for the ZeuB-complementing activity. Deletions extending into either ORFl or ORF2 had no effect on the EeuBcomplementing activity of the clone. These results indicated that only the 42 kDa protein was required for complementation of the leuB defect.
Assay of p-isopropylrnalate dehydrogenase from L. interrogans
The product of the cloned L. interrogans leuB gene was tested to determine whether it could convert P-isopropylmalate to a-ketoisocaproate. Crude cellular extracts were made from L. interrogans serovar pomona, E. coli, a leuB mutant of E. coli, and the E. coli leuB mutant transformed with pWVLl1 to leucine prototrophy. These extracts were incubated at 37 "C in the presence of pisopropylmalate. The quantity of a-ketoisocaproate produced in these experiments was determined colorimetrically by reaction with 2,4-dinitrophenylhydrazine and KOH (Parsons & Burns, 1969) . The reactions were linear for at least 20 min; the specific activity of the enzyme was determined after 10min of reaction. The results are shown in Table 1 . There was no detectable enzyme activity in the leuB mutant strain of E. coli. When this mutant strain was transformed with a plasmid containing the cloned gene, the specific activity of the enzyme was similar to that found in wild-type E. coli, indicating that the product of the cloned gene was a pisopropylmalate dehydrogenase. The specific activity of the enzyme in the serovar pomona extract was fourfold lower than that seen in the extract from wild-type E. coli; this may be because the conditions used for the enzyme assay, while optimum for the enzyme from E. coli, may not be optimum for the enzyme from Leptospira. ,4lternatively, the leptospiral enzyme may have a lower i3ctivity, as the generation time of these cells is much llonger than that of E. coli and there has been no evolutionary pressure to optimize the efficiency of the enzyme. The cloned enzyme in the E. coli extracts would ishow a higher specific activity due to gene dosage effects .which lead to overproduction of the protein.
Nucleotide sequencing and alignment of amino acid sequences
To confirm the identity of the cloned gene and to determine the possible function of the DNA adjacent to the leuB gene, both strands of the leptospiral EcoRI DNA fragment found in pWVL6 were sequenced in their entirety. The resulting nucleotide sequence of serovar pomona DNA and the amino acid sequences deduced from the nucleotide data are shown in Fig. 3 . Three ORFs, which encoded proteins of 40926 (ORFl), 38 826 (leuB) and 15 058 (ORF2) Da, were found. The location of the 38 826 Da ORF corresponds to the leuB functional region as defined by transposon mutagenesis (Fig. lb) . Each ORF was preceded by a potential Shine-Dalgarno sequence.
The inferred amino acid sequences of leuB, ORFl and ORF2 were used to search the PIR data bank for similar proteins. The amino acid sequence of the jl-isopropylmalate dehydrogenase cloned from serovar pomona showed 43-57 YO identity and 19-26 YO related substitutions when compared with the same enzyme obtained from six different micro-organisms, Candida maltosa (Kawamura et al., 1983; Hamasawa et al., 1987) , Saccharomyces cerevisiae (Andreadis et al., 1984) , Bacillus coagulans (Sekiguchi et al., 1986) , Thermus aquaticus (Sekiguchi et al., 1986) , Bacillus subtilis (Sekiguchi et al., 1987) and Bacillus caldotenax (Sekiguchi et al., 1987) . An alignment of the amino acid sequences of the 3-isopropylmalate dehydrogenases from L. interrogans and the other microorganisms is shown in Fig. 4 . Conservation of amino acid sequence is seen throughout the protein.
The amino acid sequence of ORFl shows about 58 YO similarity (32 YO identity and 26 YO related substitutions) with ornithine-oxoacid aminotransferase obtained from either Homo sapiens (Inana et al., 1986) or Saccharomyces cerevisiae (Degols, 1987) . When the amino acid sequences of these proteins were aligned, several regions of strong homology were found (Fig. 5) .
No proteins similar to ORF2 were found in the database. None of the cloned proteins had amino acid sequences similar to LeuA, LeuC or LeuD, the other leucine biosynthetic enzymes.
Discussion
A genomic library of L. interrogans serovar pomona DNA was constructed in the plasmid vector pUC13. A clone (pWVL1) was isolated from this genomic library which complemented three independent leuB mutations in E. coli. (Brendle et al., 1974; Yasuda et al., 1987) . Tn5 insertions flanking the leuB gene did not inactivate gene expression, suggesting that expression of the gene depends on its own promoter rather than on a pUC13 promoter. It is unlikely that Tn5 promoters were used since Tn5 promoters are weak and generally do not allow expression of genes located outside of the element itself (Berg et al., 1980) . While these results suggest that promoters may be located within the cloned Leptospira DNA, it is not clear whether these are native Leptospira promoters or merely sequences which fortuitously act as promoters in E. coli. Analysis of the sequence data revealed an E. coli ~'O-like promoter sequence (CTTA-CA . . . TTAAAT) located about 70 nucleotides upstream of the initiation codon of the leuB gene (Fig. 3) . Mapping of the 5' end of the leuB mRNA will be needed to determine whether this sequence is acting as a promoter in E. coli and whether it is the native promoter used by L. interrogans.
The close linkage of ORF1, leuB and ORF2 suggests that these genes might be transcribed as a unit. Consistent with such a possibility is the existence of an E. coli 070-like promoter sequence located upstream of ORF 1. This promoter would have a -35 region of CTTCCG followed by a -10 region of TAAAAT (Hawley & McClure, 1983) . While the -35 region is not ideal and the spacing is only 15 nucleotides, the RNA polymerase isolated from spirochaetes has been shown to differ from that isolated from E. coli (Allan et al., 1986) . The structural alteration found in the spirochaetal RNA polymerase may allow for some differences in promoter sequence and spacing when compared to the E. coli paradigm. Mapping of the promoters recognized by the leptospiral RNA polymerase will be needed to resolve this issue. Only one potential stem-loop-forming sequence is located within the sequenced DNA. It is found immediately downstream of ORF2 at nucleotides 3005 to 3084 and is followed by the sequence TTTTAT. This sequence might allow the stem-loop to function as a simple terminator (Platt, 1986) . The existence of a potential promoter upstream of the sequenced DNA and of a potential terminator downstream of this DNA is consistent with the hypothesis that these genes may be transcribed as a unit.
Both strands of the 3.1 kb EcoRI fragment of pWVL6 (Fig. 3) were sequenced. Three open reading frames (ORFs) were present within this fragment. The predicted size of the protein encoded by the ORF spanning the leuB functional region as defined by Tn5 mutagenesis was 38 826 Da. Further analysis, using subclones, confirmed that this ORF was necessary for complementation of a leuB mutation (Fig. 2) .
The maxicell experiments (Fig. 2b) revealed that three proteins were encoded by the cloned DNA. The 42 kDa protein was essential for expression of the LeuB' phenotype. However, the 358 amino acid residues found in the leuB coding region constituted a molecular mass of 38826 Da. This value is about 7.5% less than that determined by SDS-polyacrylamide gel electrophoresis. The cause of the discrepancy could be anomalous SDS binding to the protein as was found with the leuB enzymes from S. cerevisiae and B. caldotenax (Andreadis et al., 1984; Sekiguchi et al., 1987) . The 40 kDa protein is the product of ORF1, since deletion of this ORF resulted in loss of the protein (Fig. 2b, lane C) . The molecular mass of the protein encoded by ORFl, as calculated from its amino acid composition, is 40 926 Da, which closely corresponds to the results obtained by maxicell analysis. Nucleotide sequence analysis identified another open reading frame, ORF2. The broad 14-5 kDa band seen in lanes C and D of Fig. 2(b) may represent the product of ORF2, as it is approximately the correct size and is only seen in cells containing an intact ORF2.
The LeuB protein from L. interrogans is comparable in size to the 43 kDa protein encoded by the leuB gene cloned from L. bzfZexa (Zuerner, 1986) . Zuerner (1986) also found that his clone encoded proteins of approximately 46 and 15 kDa. The genes encoding these proteins could correspond to ORFl and ORF2 found in the L. interrogans clone. If so, this would suggest a conservation of genetic organization in this region of the chromosome among the leptospiras.
Analysis of the amino acid sequence of the /3-isopropylmalate dehydrogenase from L. interrogans showed the enzyme to have substantial amino acid sequence similarity with the /3-isopropylmalate dehydrogenases from other micro-organisms (Fig. 4) . The closest similarity is seen with the enzymes from the Bacillus species, and the least with the enzymes from the yeasts. This relationship is consistent with the evolutionary divergence of these organisms as proposed by Woese (1 987).
The ORF for leuB begins with a methionine residue; in position 17 there is another methionine residue. The codon for the first methionine residue is likely to be the correct start codon because (a) it is preceded by a Shine-Dalgarno sequence while the second methionine codon is not, and (b) alignment of the amino acid sequences of the various LeuB enzymes demonstrates that the first 17 residues are highly conserved (Fig. 4) .
In E. coli and S. typhimurium the terminal step in leucine biosynthesis is catalysed by a non-specific aminotransferase (Calvo, 1983) . These organisms can use either the aromatic transaminase (TyrB) or the branched-chain amino acid transaminase (IlvE) to convert a-ketoisocaproic acid to leucine. In our L. interrogans clone the close genetic linkage of ORFl and leuB suggested that ORFl might encode a protein functional in leucine biosynthesis. A search of the PIR data base detected similarity between the amino acid sequence of ORF 1 and the ornithine aminotransferases obtained from H. sapiens and S . cerevisiae (Fig. 5) . Since ornithine aminotransferases catalyse the reaction ornithine + a-oxoacid + L-amino acid + glutamic semialdehyde, we hypothesize that the ORFl product may function to catalyse the terminal step in leucine biosynthesis in Leptospira by transferring an amino group from ornithine to a-ketoisocaproic acid to produce leucine.
Our sequence data indicate that the gene organization of L. interrogans differs from that found in other bacteria. In E. coli, S. typhimurium and B. subtilis, four contiguous structural genes, encoding the three enzymes required for leucine biosynthesis, are transcribed as a unit and comprise an operon (Burns et al., 1966; Somers et al., 1973; Ward & Zahler, 1973) . The leuA gene is located immediately upstream of the leuB gene and the leuC gene is located immediately downstream. In L. interrogans an ORF was found upstream of the leuB gene, but its protein product has no significant amino acid similarity to the ZeuA-encoded protein of S . typhimurium (Ricca & Calvo, 1990) . Immediately downstream of the leptospiral leuB gene was a small ORF encoding a basic protein. This protein shares no amino acid sequence similarity with the leuC gene from S. typhimurium (Rosenthal & Calvo, 1990) . Furthermore, the LeuC protein in other bacteria is larger and is not as basic (Umbarger, 1978) . Thus the organization of the genes required for leucine biosynthesis in L. interrogans differs from that found in other bacteria. This is consistent with the findings of IGchaud et al. (1990) and Zuerner (1986) , who also found that their ZeuB leptospiral clones, although containing substantial amounts of contiguous DNA both upstream and downstream of the leuB gene, were unable to complement defects in other E. coZi genes required for leucine biosynthesis.
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